Silver-iron carbon nitride has been obtained by pyrolysis (under inert atmosphere) of silver hexacyanoferrate(II), precipitated on graphene nanoplatelets, and examined as electrocatalyst for oxygen reduction reaction in alkaline media in comparison to silver nanoparticles and iron carbon nitride (prepared separately in a similar manner on graphene nanoplatelets). The catalytic materials have been studied in 0.1 M potassium hydroxide electrolyte using such electrochemical diagnostic techniques as cyclic voltammetry and rotating ring-disk electrode voltammetry. Upon application of graphene nanoplateletssupported mixed silver-iron carbon nitride catalyst, the reduction of oxygen proceeds at more positive potentials and the amounts of hydrogen peroxide (generated during reduction of oxygen at potentials more positive than 0.3 V) are lower relative to silver nanoparticles and iron carbon nitride (supported on graphene nanoplatelets) examined separately. Promoting effect is ascribed to high activity of silver toward the reduction/decomposition of H2O2 in basic medium. Additionally, it has been observed that the systems based on carbon nitrides show considerable stability due to strong fixation of metal complexes to CN shells.
Introduction
For several past decades Proton Exchange Membrane Fuel Cells (PEMFCs), as alternative environmentally-friendly devices for energy conversion, have dominated the area of development of low temperature fuel cells due to advanced technology of manufacture of cation conductive membranes. But in the last few years substantial progress in the preparation of anion exchange membranes have driven enormous expansion of research work on Alkaline Fuel Cells (AFCs) [1, 2] . Faster kinetics of electrocatalytic processes in alkaline media in relation to acidic electrolytes [3, 4] makes it possible to substitute platinum and platinumgroup metals with more abundant and less expensive materials like silver [4] [5] [6] [7] [8] [9] , transition metals (especially Fe, Co) in coordination with nitrogen [10] [11] [12] , transition metal oxides [13, 14] and even carbon nanostructures doped with heteroatoms (N, S, P, B) [15] [16] [17] [18] .
The most widely examined group of oxygen reduction catalysts in alkaline media include carbon-supported iron coordinated with nitrogen (abbreviated as FeNC) obtained through high temperature pyrolysis of simple precursors. The active sites are believed to resemble the structure of the centers of macromolecular complexes present in porphyrins or
phtalocyanines. An interesting approach developed recently comprises carbon nitride-based electrocatalysts prepared from thermal decomposition of hexacyanometalates where carbonbased matrix embeds nitrogen atoms and coordinates metallic species [19] [20] [21] [22] [23] [24] [25] [26] [27] . The advantage of using hexacyanometalates as starting compounds is the possibility of synthesis of materials with controlled stoichiometry and also containing mixed metallic species (e.g. Fe, Co, Ni, Sn, Mn, Cu, Ag).
Silver has been considered as peculiar promising alternative metal (to platinum) due to its low cost and considerable electrocatalytic activity and stability toward both oxygen and hydrogen peroxide reduction reactions [4] [5] [6] [7] [8] [9] 28, 29] . The mechanism of oxygen reduction on Ag usually is reported to proceed nearly directly to water. What is more, structural 4 dependence of the kinetics of oxygen reduction proceeding at Ag was also revealed; it increases in the order (100) < (111) < (110) planes [30] . In addition, recently highly active and stable materials have been obtained through the combination of silver with manganese oxides [31, 32] , cobalt oxides [33] , molybdenum oxides [34] and other transition metals (Co, Cu, Ni, Sn, Fe) [35] [36] [37] [38] [39] .
Cathode operating in alkaline fuel cells requires carbon support which, except high electrochemically accessible surface area and suitable porosity for proper mass transport, is characterized by high graphitization degree which determines the electron conductivity and stability of the whole electrocatalytic system. In this respect, graphene-related materials with their unique properties could theoretically enable not only the increase of the effectiveness of catalysts but also their stability when compared to materials based on conventional carbon blacks [40, 41] . However, the lack of surface functional groups and defects makes the pristine graphene difficult material for further operation including the synthesis of homogenously distributed catalytic materials. Therefore, in most studies reduced graphene oxide (rGO) or graphene oxide (GO) have been used as supports or their precursors which indeed allow obtaining finely dispersed nanoparticles, but the stability of such materials and electronic conductivity is usually reported to be insufficient [41, 42] . On the other hand, it has recently been proven that high durability can be obtained using polyelectrolyte-modified graphene nanoplatelets (GNP) as support for Pt nanoparticles which was attributed to the intrinsic high graphitization degree of GNP and the enhanced Pt-carbon interaction in Pt/GNP [43] .
Nevertheless, irrespective of graphene-related materials used, the problem of gas permeability and water management (due to stacking effects) leads to lower intrinsic performances of cathodes during oxygen reduction reaction in relation to those based on other carbon nanostructures. In fact graphene and its derivatives are commonly used as effective additives to gas-barrier systems [44] . The problem can be overcome by fabrication of composite assemblies with other carbonaceous materials acting as spacers between the graphene-type sheets, thus creating three-dimensional morphologies [41, 42, [45] [46] [47] . In addition, it is well established that the durability of such hybrid systems can be significantly improved [41, 42, [45] [46] [47] .
As a result of extensive work concerning graphene-related materials (including nitrogenated derivatives) there have also been promising attempts to utilize them as supports or modifiers for silver based catalysts active toward oxygen reduction in alkaline environment [48] [49] [50] [51] . Therefore, in the present work we report the synthesis and characterization of graphene nanoplatelets-supported silver-iron carbon nitride derived from thermal decomposition of silver hexacyanoferrate(II) deposited onto polycarboxylate functionalized GNP. The material is employed as electrocatalyst for oxygen reduction reaction in 0.1 M KOH and its activity is compared to silver nanoparticles and iron carbon nitride (prepared separately in a similar manner on GNP). The stability issue of examined systems, due to the presence of strong fixation of metal complexes to CN shells, is also discussed. 7 comparative studies GNP was also washed with water and annealed under the same conditions as described above (it is labeled GNP800) and additional sample of AgFeCN x /GO800 was prepared. Transmission Electron Microscopy (TEM) experiments were carried out with Libra 120 EFTEM (Carl Zeiss) operating at 120 kV. Scanning electron microscopic (SEM) measurements and energy-dispersive X-ray analysis were achieved using MERLIN FE-SEM (Carl Zeiss) equipped with EDX analyzer (Bruker). X-Ray diffraction (XRD) spectra were collected using Bruker D8 Discover equipped with a Cu lamp (1.54 Å) and Vantec (linear) detector.
Results and discussion 25 mV) which may imply that more reduced state of silver is preferred relative to Ag/GNP800-C sample due to possible partial charge density transfer from Fe to Ag or changes in particle size of Ag [36] . On the other hand it has also been postulated in the literature that voltammetric characteristics of silver depends (among others) on Ag loading and surface structure [37, 56] . The other information, based on the charges under oxidation/reduction signals of Ag, suggest that in AgFeCN x /GNP800-C catalyst, the active electrochemical surface area of silver is about 50% of the one observed for Ag/GNP800-C.
This may be explained by superposition of few factors: somehow lower amount of Ag (according to synthesis procedure described in Experimental Section), higher average crystallite size (revealed by XRD analysis) and partial covering of catalytic centers by CN shells which (as it is shown in Fig. 1H ) tightly surround Ag or Ag-Fe nanoparticles in AgFeCN x /GNP800-C.
Electrochemical experiments aiming at evaluation of catalytic activity and selectivity in the oxygen reduction of Ag/GNP800-C-P, FeCN x /GNP800-C-P and AgFeCN x /GNP800-C-P were conducted under identical conditions as in the case of untreated samples and comparative results are presented in Fig. 7 . It is evident that the performance of the O 2 reduction for FeCN x /GNP800-C-P is only slightly lowered with respect to FeCN x /GNP800-C (Fig. 7B, solid and dotted lines, respectively) . As far as AgFeCN x /GNP800-C-P is concerned, the decrease in effectiveness toward the process is somehow more pronounced in relation to FeCN x /GNP800-C (Fig. 7C, solid and dotted lines, respectively) . But the greatest change (drop) in activity is induced in the case of Ag/GNP800-C-P in comparison to its untreated counterpart (Fig. 7A, solid and dotted lines, respectively) . In fact its performance and selectivity toward O 2 reduction closely approaches that characteristic for bare GNP800-C (please compare Fig. 5A and B, Curves d). Obtained results allow to conclude that, contrary to GNP-supported silver nanoparticles, prepared by simple impregnation method, application of such inorganic coordination compounds as Prussian blue and its silver analogue as precursors enable to preserve the active sites even after preconditioning in an acid electrolyte.
The increased stability should be ascribed to the existence of catalytic centers (iron and silver)
in the form of coordination complexes strongly bonded to the surface of carbon nitride shell as suggested previously in refs. [22] [23] [24] [25] [26] .
For comparative purposes we have also performed additional diagnostic experiments utilizing the sample of AgFeCN x deposited onto Graphene Oxide (GO), prepared in an analogous manner as presented above for AgFeCN x /GNP800. We were expecting that GO, containing high abundance of oxygen functionalities and surface defects, would be a proper candidate for obtaining well-dispersed catalyst in spite of using high pyrolysis temperature during synthesis. Additionally, cyanides, released upon decomposition of hexacyanoferrates, are known as reducing agents, therefore their presence should at least partially reduce GO to better conducting reduced graphene oxide (rGO). Since physicochemical properties of utilized GO have already been presented in details [57] , here only brief TEM characteristics of 
